Objective: The nigral lesion and the resulting contralateral motor signs of Parkinson's disease (PD) are remarkably asymmetric. This study investigated the prevalence of patients with "wrong-sided" lesions, that is, patients with symptoms on the side ipsilateral to the predominant dopaminergic nigrostriatal deficit. Methods: The analyzed sample included 434 early unmedicated PD patients from the Parkinson's Progression Markers Initiative database. Asymmetry indices of motor function and putamen [
Introduction
Idiopathic early Parkinson's disease (PD) is a strikingly asymmetric condition compared to other degenerative parkinsonisms, such as multiple system atrophy, progressive supranuclear palsy or Lewy body disease. 1 Contralateral asymmetries of motor symptoms in relation to basal ganglia dopaminergic deficits appear to be a fundamental aspect of the disease, although dopamine loss seems to be invariably bilateral, 2 and asymmetries become less prominent over the course of the illness. 3 The causes and evolution of these characteristic motor asymmetries and the dopaminergic interhemispheric differences in PD are largely unknown.
There are recent intriguing reports of tremor-dominant PD patients who present symptoms on the "wrong-side" of the body, that is, on the side ipsilateral to the predominant dopaminergic deficit. [4] [5] [6] These patients, if fully characterized, could prove to be highly valuable in our understanding of how tremor and other cardinal symptoms of PD are differentially regulated via basal ganglia and cerebello-thalamocortical circuits. 7 The focus of this study was to explore the relationships between motor and dopaminergic asymmetries in a large sample of PD patients from the Parkinson's Progression Markers Initiative (PPMI) database. The PPMI is an exceptionally large dataset that enables the detailed This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
examination of several clinical and imaging factors in association with asymmetry.
Patients and Methods
SPECT imaging were restricted 6 months prior to imaging. Central SPECT core laboratory of the PPMI (Institute for Neurodegenerative Disorders, New Haven, CT) generated striatal specific binding ratios (SBRs) using a previously described process 8 that included iterative reconstruction from raw projection data, site-specific attenuation correction using phantom data, spatial normalization of images to Montreal Neurological Institute (MNI) space and region-of-interest (ROI) analyses using a fixed template (right and left caudate, right and left putamen, occipital cortex) for SBR calculations ([striatal region count density/occipital count density] À 1). For ROI analyses, eight striatal planes were averaged into a single slice image. Structural brain MRI scans were also performed at baseline. For this study, left and right putamen SBRs were used for calculations. Several factors possibly associated with asymmetries were derived from the clinical and imaging data ( Table 2 ). Significant motor asymmetry was defined as: 0.3 < asymmetry index < À0.30 (asymmetry index = MDS-UPDRS Part III right À left score/right + left score). Significant DAT asymmetry was defined as: 0.05 < asymmetry index < À0.05 (asymmetry index = right À left putamen SBR/ right + left putamen SBR). Chi-squared tests were used to investigate categorical variables, and independent samples t-tests were used to investigate continuous variables between handedness groups and between patients with contralateral and ipsilateral dopaminergic deficits. The level of two-tailed statistical significance was set at P < 0.05.
Results
Of 434 patients, 353 (81.3%) patients were classified as having clear motor asymmetry (0.30 < asymmetry index < À0.30). In these patients, the mean (SD, range) side-to-side difference in MDS-UPDRS Part III was 8.7 points (3.4, 2-20). Similarly, 341 (78.6%) patients were classified as having clear dopaminergic asymmetry (0.05 < asymmetry index < À0.05). In these patients, the mean (SD, range) relative side-to-side difference in putamen SBR was 34.9% (14.4, 10.7-80.3). Of 434 patients, 295 (68.0%) patients were classified as having both clear motor and dopaminergic asymmetry.
There was a discrepancy in laterality in 24/295 (8.1%) patients (lower putamen uptake ipsilateral to the predominant symptoms) (Fig. 1A and B) . Ipsilateral dopaminergic defects were associated with smaller DAT binding asymmetries (t 293 = À4.98, P < 0.0001) and older age (t 293 = 1.98, P = 0.049) but not with handedness, motor subtype, predominant side of motor symptoms or other investigated factors (Table 1 ). The data broken down by handedness, predominant side of motor symptoms, and motor subtype are presented in Table 3 . Ipsilateral deficits were observed over a wide range of motor and dopaminergic asymmetries (Fig. 1A and B) . The prevalence of ipsilateral deficits was similar when only tremor scores (8.5%) or bradykinesia/rigidity scores (7.9%) of the MDS-UPDRS Part III were used ( Fig. 1C and D) . When all patients with any asymmetry in MDS-UPDRS and DAT binding were included in the analysis (n = 423), the prevalence of ipsilateral deficits was 15.4% (n = 65/423).
There were more right-handed PD patients with predominantly right-sided motor symptoms compared to the number of right-handed patients with left-sided motor symptoms, and the effect was opposite in left-handed PD patients (P = 0.005, Table 1 ). Similarly, there were more right-handed PD patients with predominantly left-sided DAT decreases compared to the number of right-handed patients with right-sided DAT decreases, and the effect was opposite in left-handed PD patients (P = 0.028, Table 1 ).
Discussion
The primary results indicate the following: (1) ipsilateral dopaminergic deficits in PD are unexpectedly common in early PD with a prevalence of 8.1% in patients with clear asymmetries, and (2) the side of the predominant motor symptoms and the corresponding side of the dopaminergic defects in PD are not random but are directed by brain lateralization.
There is recent work to suggest that a proportion of PD patients do not present their primary symptoms on the side of the body contralateral to the predominant dopamine deficit, as would be expected. Aquirregomozcorta and colleagues reported three cases of PD with rest tremor and ipsilateral defects in DAT SPECT and encouraged others to report similar cases. 4 Erro et al. further analyzed a dataset of 46 [
123 I]FP-CIT scans of PD patients and reported a prevalence of 4.3% of scans that were named SWpIDDs (Scans With predominant Ipsilateral Dopaminergic Deficit). 5 Other tremulous SWpIDD cases have also been reported. 6 According to the data presented here, ipsilateral deficits are frequent in the DAT SPECT scans of PD patients. Discrepancies appear common even in patients with clear motor and DAT asymmetries. In the present analysis, artifacts due to head tilt can be considered unlikely because all scans were spatially normalized to the same orientation before asymmetry calculations. However, it is important to bear in mind that the prevalence of ipsilateral deficits is dependent on the criteria of significant asymmetry and the scanning was performed in different institutions using different scanners with different resolutions. Slight side-to-side differences in DAT SPECT and MDS-UPDRS may merely be noise that reflects inaccuracies in the methodology. Therefore, the prevalence reported here as the primary result (8.1%) was derived from a subsample of patients that showed very clear motor and DAT asymmetries. Nearly one-third of patients were excluded from this analysis due to milder asymmetries. The results show that PD patients with wrong-sided symptoms are older, and, in particular, they have lower degrees of DAT binding asymmetry. From a practical point of view, the current results demonstrate that a discrepancy between motor symptoms and DAT binding in clinical [
123 I]FP-CIT SPECT should not be interpreted as suggesting less likely diagnosis of PD if the dopaminergic loss is clear. From a theoretical point of view, they imply that the model of contralateral dopaminergic loss that automatically mirrors lateralized motor symptoms may be insufficient. The degree of midline crossing of nigrostriatal pathways seems to be highly variable in early PD. A fraction of corticospinal neurons is known to descend ipsilaterally and these neurons are engaged during a voluntary motor behavior. 9 Although ipsilateral motor pathways have been poorly studied in PD, unilateral deep brain stimulation improves also ipsilateral symptoms in PD 10 underlining the clinical importance of the issue.
The present results concerning handedness fit with the theory that the initial insult in early PD, regardless of the pathogenetic mechanism, is not random but is related to hand dominance. A meta-analysis previously provided evidence of an association between the predominant side of PD symptoms and hand dominance. 11 The clinical part of this study is in line with this association by showing that the predominant motor symptom side is related to handedness. As for dopamine function an earlier study by Scherfler and colleagues with 68 right-handed PD patients reported that right-handed patients had lower DAT binding in the left striatum, in accordance with the clinical asymmetry. 12 This study replicates previous motor and dopaminergic results in right-handed PD patients and extends the findings to left-handed patients with reversed asymmetry. The results provide support that the side of the lesion in PD is not due to random choice, but it is directed by hemispheric dominance. Importantly, this explanation is only partial, as there is a considerable proportion of PD patients who do not follow this pattern.
The generalizability of these results is subject to certain limitations. Being limited to DAT binding in the putamen, this study lacks information outside the primary motor-related dopaminergic pathway, and extrastriatal cortical measurements of monoaminergic function in relation to asymmetries are required. It should be noted that [
123 I]FP-CIT is also a serotonergic tracer although serotonin transporter is not a major determinator of binding in striatal regions. Handedness was self-reported without actual measurements of hand dominance. Although self-reported handedness appears valid for research purposes, 13 it is a crude categorical variable that probably does not sufficiently represent the continuum of motor cerebral lateralization. Finally, a selection bias in the PPMI dataset seems likely as 85% of patients were classified as tremor-dominant and only 15% were classified as postural instability and gait disorder subtype (PIGD)/intermediate. Included patients in PPMI were expected to remain unmedicated for 6 months, which probably favored patients with the less progressive tremor-dominant subtype. As a result, the proportion of tremor-dominant patients is much higher in PPMI compared to previously reported.
14 This unbalance could have affected prevalence estimations in different motor phenotypes and the results of this study must be interpreted with caution as they primarily reflect asymmetries in tremor-dominant patients. Furthermore, due to intrinsic properties in MDS-UPDRS (possibly different floor or ceiling effects in tremor and nontremor motor scores), it is possible that the postulated differences in asymmetry between tremor-dominant and PIGD patients can be detected in other samples with advanced PD patients.
In summary, the current data highlight the high number of PD patients who have motor symptoms on the wrong side of the body in relation to their dopaminergic degeneration. The data do not suggest a specific tremor-related SWpIDD phenotype but confirmatory studies are required. Further studies are also needed to investigate the role of ipsilateral corticospinal pathways in the flipped asymmetry at the early stages of the disease.
